Kavanagh et al Induction of VT With Large Premature Stimulus 681 ventricular tachycardia and ventricular fibrillation have been induced by programmed stimulation in the presence of a myocardial infarction. 45 Wolff et a16 have demonstrated that transthoracic shocks during the vulnerable period in infarcted animals frequently induced ventricular tachycardia in which only ventricular fibrillation could be induced before infarction. However, the effect of applying a high-current premature stimulus directly to the spared epicardium of an infarct has not been systematically investigated.
Janse et a17 have shown that ventricular fibrillation was frequently initiated in isolated, Langendorffperfused, canine hearts in which ischemia was induced. However, after destroying the subendocardium with phenol and leaving the epicardium electrophysiologically normal, ventricular tachycardia and not fibrillation was initiated. A similar finding has been reported by Allessie et al8 for isolated rabbit hearts in which most of the ventricular myocardium was made necrotic by freezing except for a thin rim of epicardial sparing.
The results of the previously discussed in vivo and in vitro studies suggest that neither the mode of induction nor the initial activation pattern (figureeight) are primarily responsible for determining whether ventricular tachycardia or ventricular fibrillation is induced: Rather, their induction may be correlated with the thickness of the myocardium in which this activation pattern is induced and the cycle length of the activation pattern. Thus, a high-current premature stimulus during the vulnerable period over the surviving epicardium of a 4-day-old infarct in a canine model may induce sustained ventricular tachycardia with a figure-eight reentry pattern rather than ventricular fibrillation. The purpose of the present study was to test this hypothesis.
Methods

Surgical Preparation
Part 1: Left antertior descending coronary artery oc- clusion. In 12 mongrel dogs, anesthesia was induced using intravenous thiopental sodium (20 mg/kg) and was maintained using a continuous infusion of thiopental sodium at a maintenance rate of approximately 0.8 mg/kg/min. Succinylcholine (1 mg/kg) was also given at the time of anesthesia induction. The animals were intubated with a cuffed endotracheal tube and ventilated with room air and oxygen through a Harvard respirator (Harvard Apparatus Co., South Natick, Mass.). A femoral arterial line and two intravenous lines were inserted using sterile techniques. Systemic arterial pressure was continuously displayed. Arterial blood samples were drawn every 30-60 minutes for determination of pH, Po2, Pco2, base excess, bicarbonate, Na+, K+, and Ca2+ content. Ringer's lactate was continuously infused via a peripheral intravenous line. This was supplemented with sodium bicarbonate, potassium chloride, and calcium chloride as indicated to maintain pH and electrolytes within normal values. Electrocardiographic leads were applied for continuous ECG monitoring. Body temperature was maintained with a thermal mattress. With sterile surgical techniques, the heart was exposed through a left thoracotomy at the fourth intercostal space; the pericardium was opened, and the left anterior descending coronary (LAD) artery was dissected free at the tip of the left atrial appendage. A noose occluder was placed around the LAD, and it was occluded by the Harris two-stage procedure. 9 To ensure sparing of the epicardium in the entire infarct zone, partial occlusion was maintained for 30 minutes, followed by complete occlusion for 90 minutes before reperfusion. Five minutes before initiation of partial occlusion and again before the termination of complete occlusion, the animals were pretreated with bolus injections of intravenous lidocaine (2 mg/kg). A second bolus of lidocaine (1 mg/kg) was administered 10 minutes later. The chest was closed in layers, evacuated under negative pressure, and the animal was allowed to recover.
Part 2: Placement of electrodes. Four days after LAD occlusion, anesthesia was induced with intravenous pentobarbital (30-35 mg/kg body weight) and maintained with a continuous infusion of pentobarbital at a rate of approximately 0.05 mg/kg per minute. Succinylcholine (1 mg/kg) was also given intravenously at the time of anesthesia induction. Supplemental doses of 0.25-0.5 mg/kg succinylcholine were given hourly as needed to maintain muscle relaxation. The animals were ventilated, hemodynamically monitored, and maintained as described above. A median sternotomy was performed, and the heart was suspended in a pericardial cradle. The recording apparatus consisted of 121 bipolar AgAgCl epicardial electrodes10 arranged in 11 columns and 11 rows mounted in a 4x4-cm plaque. Each epicardial electrode was 1 mm in diameter. There was a 2-mm intraelectrode distance between each member of the bipolar pair and an interelectrode distance of 4 mm. This plaque also contained a centrally located stimulating electrode. The plaque of epicardial recording electrodes was sutured over the infarcted anterior surface of the left ventricle ( Figure   1 ). Four Results Twelve mongrel dogs weighing 23.5±1.6 kg were the subjects of this study. One of the 12 died in the first 12 hours after LAD occlusion. A second dog died 4 days after infarction during anesthesia induction for the placement of electrodes. Therefore, arrhythmia induction was attempted in 10 animals. In two of the 10 dogs, the S2 threshold for ventricular arrhythmia (sustained ventricular tachycardia or ventricular fibrillation) induction had been determined for only one of the S, pacing sites before the animals died. In the remaining eight animals, the S2 arrhythmia threshold stimulus was determined for all four S, pacing sites. Thus, the S2 arrhythmia threshold stimulus was determined for a total of 34 sites in the 10 animals ( Table 1) . Sustained monomorphic ventricular tachycardia was induced from 24 of these sites, ventricular fibrillation from nine sites, and sustained polymorphic ventricular tachycardia was induced from one S, site. The episode of polymorphic ventricular tachycardia was eliminated from all statistical analysis. By x2 analysis, the incidence of monomorphic ventricular tachycardia was significantly different from ventricular fibrillation (p=0.03). Figure 2 shows an example of monomorphic ventricular tachycardia induced in a dog with an 80% transmural infarct. The S, pacing site was the right ventricular free wall and the S2 stimulus was 20 mA, which is the lowest-strength S2 stimulus that induced tachycardia in this animal. The activation front initiated by S, stimulation enters from the upper left corner, which is the area closest to the S, pacing site ( Figure 2A) 44WWWVvWMMW.
more recovered than the right and bottom sides at the time of S2 stimulation. The activation fronts then conduct to the right around both sides of a line of block (represented by the heavy black bar).
There is a 71-msec time difference between the latest activation time recorded in the initial ventricular tachycardia beat ( Figure 2B ) and the earliest activation time recorded in the next beat ( Figure  2C ), and double complexes are recorded at these sites. Therefore, block is assumed present between the late site in Figure 2B and the adjacent early sites in Figure 2C , and it is unclear how or whether the first beat conducted to the second. The fact that earliest activation sites for the second ventricular tachycardia beat are not at the edge of the plaque as for the first beat but are next to the line of assumed block raises the possibility that reentry did occur, although it was undetected in the recordings. Activation then sweeps around the upper line of block and possibly sweeps also around the lower line of block, although this is not definite because the lower line of block extends to the edge of the plaque ( Figure 2C ). The latest activation time in this beat is 31 msec before the earliest activation time recorded in the third tachycardia beat ( Figure 2D ), and double complexes are no longer observed in this region. Thus, reentry is assumed to occur between these two beats. The central line in Figure  2C is shown solid to the left and hatched to the right to represent block between beats 1 ( Figure 2B ) and 2 ( Figure 2C ) and reentry between beats 2 ( Figure  2C ) and 3 ( Figure 2D ). The hatched line is a frame line between successive panels that is necessary to represent reentry by a series of isochronal maps. A similar activation pattern is seen for the next three beats ( Figure 2 , D-F) with slight changes in the lines of block from beat to beat. By the fifth beat, the lower line of block has shortened, so that a clear figure-eight reentry pattern is present ( Figure 2F ). The tachycardia was stable after the fifth beat, with only minimal changes in the frame and block lines in subsequent activation sequences. Conduction through the isthmus stabilized after the seventh beat. 4 ). In the other five episodes, the initial post-S2 activation of the arrhythmia appeared to conduct into the recording area from outside the plaque ( Figure 2B ). Figure 2 .
The activation patterns suggest figure-eight reentry, although in Figures 6 and 7 , part of the figure-eight is outside the recording plaque. In most cases, when ventricular tachycardia has been established, the central portion of the figure-eight pathway is opposite in direction to the activation sequence in that region during S, pacing. The locations of the reentrant pathway and the lines of block are very different in Figures 5, 6 , and 7. However, the morphological characteristics of the ECG limb leads I, II, and III in each of these Figures (5E, 6E, and 7E) are basically the same as those in Figure 2G . Thus, different S2 strengths with the same S, site led to different activation sequences of monomorphic sustained ventricular tachycardia, but these different morphologies of tachycardia could not be differentiated by the three ECG limb leads recorded. The epicardial potential gradient field generated by the 30-, 50-, and 70-mA S2 stimuli are shown in Figures SD, 6D , and 7D, respectively. The highest gradients are located at the center of the plaque in the area of the S2 and increase with increasing S2 strength. Because the activation patterns change for several cycles before stabilizing, the center of the figure-eight reentrant circuit is not always precisely in the center of the high-gradient area at the S2 site but is usually within 1-2 cm of this site. Similarly, the central lines of block for the two reentry rotors are not always precisely at the same level of potential gradient. Effect of Changing the S1S2 Coupling Interval
In Figure 8 , the S, pacing site and S2 strength remain the same as in Figure 7 ; however, the S1S2 interval has been decreased from 220 msec in Figure 7 to 170 msec in Figure 8 . This change in the S1S2 coupling interval resulted in a figure-eight reentry pattern with a different activation sequence from that seen in Figure 7 . (Figures 3 and 4) . In Figure 11A . This was not seen in any of the other S, pacing sites in this animal or from any of the S, pacing sites in any of the other animals. Even though the tachycardia activation patterns are markedly different, the ECG limb lead recordings are again almost unchanged from those in earlier figures (Figures 2 and 5-10 ).
Reproducibility of Induced Tachycardias
In four cases, the reproducibility of the tachycardia activation sequence was investigated by repeating the stimulation sequence and the S2 strength that initially induced the arrhythmia. Panels A and B of Figure 12 A 
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show the figure-eight activation sequence induced after the induction of ventricular tachycardia by a 30-mA S2 at an S1S2 interval of 230 msec after an S1S1 train at 260 msec. A similar activation pattern is seen in panels D and E of Figure 12 after reinduction of ventricular tachycardia with the same stimulation protocol 5 minutes later.
Comparison of Ventricular Tachycardia and Fibrillation Induction Sustained monomorphic ventricular tachycardia was the only arrhythmia induced in five dogs. In these animals, the mean transmural infarct extent was 80% (Table 1) . Ventricular fibrillation was the only arrhythmia induced in two dogs. In these animals, the mean transmural extent of the infarct was 15%. Both ventricular tachycardia and fibrillation were induced in three dogs in which the transmural extent of the infarct was 63%. Figure 13 shows the activation sequence for one of the episodes of ventricular fibrillation. Figure-eight reentry could still be seen clearly in the 13th and 14th cycles of ventricular fibrillation. The rhythm strip is still relatively organized at beats 13 and 14 despite a rate of 550 beats per minute. The complexes, however, are not completely uniform and the rhythm is irregular, although it is difficult to detect the irregularity in Figure 13D because of the fast rate and slow recording speed. By the 24th cycle, the activation sequence had changed so that no evidence of figureeight reentry was observed under the plaque.
By the second beat in 25 of the 33 episodes of ventricular tachyarrhythmias, the earliest activations of the induced arrhythmia conducted in the opposite direction to the S1 activation sequence. This was significant at a value ofp<0.01. No significant difference in this activation sequence was seen for ventricular tachycardia (19 of 24 episodes) and ventricular fibrillation (six of nine episodes). The smallest S2 stimulus inducing ventricular tachycardia was 38±16 mA versus 57+14 mA for ventricular fibrillation (p<0.005). The mean arrhythmia cycle length for the initial six cycles after the S2 stimulus was longer for ventricular tachycardia (152±+33 msec) than for ventricular fibrillation (115 + 13 msec, p<0.001).
ECG Findings
The three limb leads during episodes of ventricular tachycardia with different figure-eight activation patterns were compared. Only the first episode of tachy- Figures 2, 9 , 10, and 11. The activation patterns in Figures 9 and 10 were considered similar; therefore, this animal had three different activation patterns, and the limb lead complexes for these three tachycardia episodes were all similar in morphology and rate. Thus, in the remaining four animals, there were three episodes of tachycardia in which the figure-eight activation patterns were different from another tachycardia episode in the same animal, yet the limb leads were similar.
Discussion
The ventricular fibrillation threshold is commonly evaluated by giving a large S2 in the vulnerable period of normal myocardium.3,21,22 The inducibility of ventricular tachycardia, on the other hand, is almost always evaluated in infarcted hearts and by programmed stimulation with up to three extra stimuli at twice diastolic threshold from an area outside the infarct.12,5 This study shows that the performance of a ventricular fibrillation threshold protocol, in which a large single S2 stimulus is given to the spared epicardium over a 4-day-old infarcted heart, may induce either ventricular tachycardia or ventricular fibrillation. A figure-eight reentry pattern is seen initially after the S2 stimulus with both arrhythmias, as has been reported both for the initial cycles of ventricular fibrillation induced by a large S2 stimulus3 and for ventricular tachycardia induced by programmed stimulation.1"2 Thus, the same mode of induction and the same pattern of reentry can result in either tachycardia or fibrillation. This study suggests that the factors differentiating whether the figure-eight circuit remains stable to create sustained ventricular tachycardia or degenerates to cause ventricular fibrillation are the thickness of the myocardium to which the induction stimulus is applied and the cycle length of the resultant figure-eight reentry. The more transmural the infarct and the thinner the layer of spared epicardial tissue, the more likely the figure-eight reentry pattern will have a longer cycle length and result in ventricular tachycardia rather than ventricular fibrillation.
It has previously been reported in canines that 1) the bigger the infarct, the greater the likelihood of ventricular tachycardia induction,22,23 and 2) the ventricular fibrillation threshold outside the infarct is decreased in dogs in which ventricular tachycardia is induced by programmed stimulation. 22 However, thlis study demonstrates that the fibrillation threshold is greatly increased in the spared myocardium over large nearly transmural infarcts; even S2 stimuli as large as 100 mA do not induce fibrillation. Instead, these large premature stimuli induce tachycardia. There are several possible reasons why figure-eight reentry patterns remain stable as sustained ventricular tachycardia in a thin rim of spared epicardium over a 4-day-old reperfused infarct. For example, two-dimensional reentry, as in a thin rim, may be inherently more stable than three-dimensional reentry, as in the total thickness of the noninfarcted ventricular free wall, even if the cycle lengths are the same. However, the finding that the cycle length of the initial figure-eight reentry is slower for ventricular tachycardia suggests that cycle length is also important. This raises the question of why the mean cycle length of the arrhythmia induced by a large S2 in a thin rim of spared epicardium over a large 4-dayold infarct is longer than when the tissue is normal or the infarct is small.
It is possible that some or all of the surviving tissue over the infarct is abnormal 4 days after infarction. The larger and thicker the infarct, the thinner the layer of spared tissue and the more likely the spared tissue at the epicardium is to be abnormal. Four days after infarction, surviving cells have been shown to exhibit decreased Vm.,,, elevated resting potentials, cellular uncoupling, and increased refractory periods.24'25 All of these abnormalities would be expected to decrease conduction velocity and increase the time to complete one revolution within the reentry circuit, causing an increased cycle length. preparation, Allessie et a18 found that ventricular fibrillation but not tachycardia was induced in these normal hearts by rapid stimulation. After the necrosis of the inner 80% of the entire left ventricular wall with liquid nitrogen, however, only ventricular tachycardia could be induced with the same stimulation. In their preparation, the electrophysiological properties of the thin rim of surviving tissue remained normal before and after endocardial cryoablation.8 The present study extends the results of Allessie et al by suggesting that a thin rim of tissue is needed just in the region containing the reentry circuit, not over the entire left ventricle, to cause tachycardia.
Anisotropy of conduction may be responsible for a longer cycle length of reentry in a thin layer of normal tissue.8,26 Because of this anisotropy, cardiac impulses propagate approximately three times faster in the direction parallel to the long axis of the myocardial fibers compared with conduction in the transverse direction.27'28 Because of the three-dimensional geometry of the normal intact heart with fibers at different transmural levels oriented in different directions, the anisotropy of conduction may be lessened by the fast impulse spreading along fibers at various transverse levels. 29, 30 In the thin rim of normal, spared tissue, Allessie et al found that slow conduction perpendicular to the long axis of the epicardial fiber orientation (i.e., in the transverse direction) proceeded over a longer distance than in the intact heart, where fibers in deeper layers running in other directions provide alternative routes for rapid conduction along fibers.8 Thus, the absence of deeper layers may unmask the anisotropic properties of the ventricular myocardium, resulting in the induction of a figure-eight reentry pattern with a slower cycle length. New Technique for Ventrcular Tachycardia Induction
In animal models of infarction, ventricular tachycardia is most often induced by programmed stimulation and frequently requires up to three extra stimuli.1'2'5 The frequency of induction of this arrhythmia is variable and has been reported to be as low as 20%. Besides indicating the existence of a powerful new technique for investigating ventricular tachycardia, the ability to alter the direction and location of the figure-eight reentry circuit also has significance for understanding the mechanism of ventricular tachycardia. Until recently, the reentrant activation sequence was believed always to be a function principally of the electrophysiological characteristics of the tissue.4,31-35 For example, conduction block leading to reentry was thought to occur where a particular degree of dispersion of refractoriness was located or a certain relation between the direction of propagation and tissue anisotropy occurred.32, 33 The results of this study suggest that conduction block leading to reentry can occur by a different mechanism that does not require preexisting abnormalities of refractoriness or a particular distribution of intrinsic anisotropic properties of the tissue. This new mechanism is the same as that recently shown by Chen3 and Frazier36 and coworkers to be responsible for the induction of fibrillation in the normal heart by a large premature S2 stimulus given to a different site than S, stimulation. In those cases also, the location and direction of the initial cycles of figure-eight reentry are not determined primarily by inhomogeneities of the electrophysiological properties of the myocardium. Instead, a reentrant activation front arises in a region where a certain critical value of the S2 potential gradient field intersects a certain critical degree of refractoriness ( Figure 14) This activation front forms a reentrant circuit with the critical point at its center.
The critical point theory explains why changing the S, pacing site, the S1S2 interval, or the strength of the S2 can change the activation patterns of reentry and why initial activation sites may be seen at a distance from the S2 stimulation site. For example, changing the S1 site will change the area initially activated and thus the area initially recovered by the time the S2 stimulus arrives (Figure 14) . Similarly, changing the S2 stimulus strength will change the location of the critical point. Increasing the S2 strength will increase the region that is directly activated by the S2 stimulus. This will increase the distance from the S2 site at which the critical potential gradient intersects the critical degree of refractoriness forming a critical point. Hence These tissue electrophysiological inhomogeneities may explain why the reentrant pathways changed for several cycles before stabilizing and why the center of the stable reentrant pathways were not always at sites exposed to the precise same S2 potential gradient level. Thus, both the critical point and the electrophysiological tissue inhomogeneities acting in concert may be important determinants for the sequence of activation during the initiation of ventricular tachycardia by large premature stimuli.
Clinical Relevance
Several additional questions must be answered before it can be decided whether the large S2 technique will be useful for the induction of ventricular tachycardia in patients. It should be determined whether a large premature S2 stimulus administered to the spared endocardium beneath old infarct scars will induce ventricular tachycardia. If so, the sensitivity and specificity of the technique for inducing the patient's spontaneous clinical tachycardia must be evaluated because it is possible that the large S2 will initiate tachycardias that do not occur spontaneously.
The present study confirms and strengthens previous findings that the ECG is insensitive for the detection of the reproducibility of ventricular tachycardia activation patterns and the localization of a particular reentry pathway.38,39 These findings suggest that the ECG is determined primarily by large activation fronts spreading away from the infarct site rather than small activation fronts in the spared tissue at the infarct site. This result is concordant with the finding of Josephson et a139 that pacing at different sites during pace mapping can result in similar electrocardiographic configurations for each site. A limitation of this result is that only the three limb leads were examined, and the chest was open at figure- mural extent of infarction and thus the thinner the spared rim of myocardium, the more likely a figureeight reentry pattern with a longer cycle length will be induced by the S2 stimulus, resulting in ventricular tachycardia rather than ventricular fibrillation. This model for the induction of ventricular tachycardia is advantageous in that the frequency of induction of the arrhythmia is high. As FIGURE 14 . Schematic representation of the hypothesized criticalpoint mechanism of the electrical induction of reentry. Panel A shows an idealized strength-interval curve for the response of cardiac tissue to a large premature stimulus given through an S2 electrode several millimeters or more away. The vertical axis indicates the strength of the S2potential gradient field; 0, weakestfield; 10, strongest field. Horizontal axis represents degree ofrecovery of tissue after S, stimulation at the time the S2 stimulus is delivered. A, most recovered tissue; J, least recovered tissue. Stippling indicates tissue that has recovered enough after S, stimulation to allow direct excitation by S2 stimulus. White area indicates tissue that is not excited, most of which is still absolutely refractory after S, stimulation and thus is unaffected by S2 stimulus. However, as this area recovers with time after S2 stimulation, activation fronts arising from tissue directly excited by S2 stimulus can conduct into it. Hatched area indicates tissue in which the cells are at a stage of recovery that results in a graded response and prolongation of repolarization in response to a large S2 stimulus. Activation fronts arising from directly excited tissue cannot conduct into the area in which a graded response and prolongation of repolarization has occurred, yet activation fronts can propagate away from the border of the directly excited region exposed to S2 potential gradients not strong enough to cause a graded response (gradients below the arrow). Whenever a stimulus whose potential gradient field is dispersed to have values that span the critical value shown by the vertical location of the arrow is applied to tissue whose refractoriness is dispersed to span the critical value shown by the horizontal location ofthe arrow, an activation front willpropagate away from the portion of the border of the directly excited tissue exposed to an S2 potential gradient less than the critical value but will not propagate away from the portion of the directly excited border exposed to a potential gradient greater than the critical value. The activation front will then spiral around the criticalpoint at the arrow, causing a rotor ofreentry. In panel B, S, is deliveredfrom the left side ofthe plaque and S2from the center ofthe plaque. figure-eight reentry pattem. Panels D and E are identical to panels B and C, respectively, with the exception that S, is deliveredfrom the right side ofthe plaque so that dispersion ofrefractoriness is reversed. As a result, tissue directly excited by the S2 stimulus occurs at the right side oftheplaque rather than on the left as occurred when S, was deliveredfrom the left side oftheplaque. Consequently, activation sequence is altered, with figure-eight reentry occurring in the opposite direction to that shown in panel C.
